Introduction
Food is typically a coarse mixture of heterogeneous components mainly comprised of water, carbohydrate, protein and lipid. Lipid oxidation is one of the major causes of deterioration in food, and the protection of lipid from oxidation is important in food manufacturing. Lipid oxidation in food has been investigated from various points of view because of the complicated environment of food components (Shima et al., 2006 , Park et al., 2005 , Nuchi et al., 2001 . For example, studies have focused on the oxidation of polyunsaturated fatty acids extracted from fish (Azuma et al., 2009 , Frankel et al., 2002 , encapsulated lipid within a spray dried powder (Fang et al., 2005) , a mixture effect with stable compounds (Ishido et al., 2001) , and the oxidation of small oil droplets dispersed in liquid as an emulsion (Adachi, 2015 , Ma et al., 2013 .
Oxidation of lipid composed of polyunsaturated fatty acids occurs more easily than that made of monounsaturated fatty acids.
There are several quantitative methods for detecting the initial process of lipid oxidation, i.e., decrement of the concentration of unsaturated fatty acids, consumption of oxygen, increment of the concentration of peroxide and conjugated diene structures, and so on.
Polyunsaturated fatty acids in foods contain a 1,4-pentadiene structure in its hydrocarbon chain. This structure has a carbon atom at the bisallylic position, and the hydrogen atom at the carbon is highly reactive compared with the other hydrogen atoms in the hydrocarbon chain. This hydrogen atom is attracted to nucleophilic substrates, typically radical compounds. The polyunsaturated fatty acid from which a hydrogen atom is abstracted at the bisallylic carbon becomes a fatty acid radical, and this radical reacts with oxygen to produce fatty acid peroxide. This fatty acid peroxide abstracts a hydrogen atom, which is frequently at the bisallylic carbon of another polyunsaturated fatty acid. During this process, the two double bonds in the 1,4-pentadiene structure are converted t o a c o n j u g a t e d d i e n e s t r u c t u r e , w h i c h i s r e l a t i v e l y thermodynamically stable. Because the conjugated diene has absorbance at 234 nm, the concentration of this structure can be quantitatively determined spectrophotometrically.
Porter and co-workers thoroughly reviewed the kinetics and chemical reaction processes of lipid oxidation (Yin et al., 2011) .
Maillard et al. reported rate constants for the peroxidation of free radicals, and the rate constants seemed to be sufficiently large compared to a diffusion-controlled process (Yin et al., 2011 , Maillard et al., 1983 . Compared with this rapid process, abstraction of a hydrogen atom at the bisallylic position carbon by a lipid peroxyl radical is relatively slow. Therefore, this abstraction process is known as the rate-limiting process in the chain reaction of lipid autoxidation.
Niki and co-workers measured the extent of oxidation of polyunsaturated fatty acid methyl esters dissolved in acetonitrile, in which a radical generator was added as an initiator of oxidation (Yamamoto et al., 1982) . In their study, oxygen uptake, peroxide and conjugated diene formation were equivalent at the initial period of oxidation of methyl linoleate. Next, they calculated an equilibrium constant for the reaction in which lipid peroxide is produced by the addition of oxygen to lipid radical, and suggested that lipid peroxide is the major component at large oxygen concentrations such as in air.
In this study, the oxidation process of glyceryl trilinoleate was kinetically analyzed as the concentration of conjugated diene structures and the rate constant of oxidation was obtained at various temperatures.
Theoretical
The chemical reaction pathway of the oxidation process of unsaturated fatty acid residue in lipid is shown in Fig. 1 The steady state of the concentration of fatty acid radical was hypothesized because of its high reactivity (Eq. 5).
······Eq. 5
According to Eqs. 2 and 3, Eq. 5 is transformed to below.
······Eq. 6 therefore, ······Eq. 7
When Eq. 7 is integrated under C COO = 0 at t = 0 as an initial condition, C COO is represented as Eq. 8 at time t, on the assumption that C Ch and C R are constant.
······Eq. 8
Time course of C COOh was described as Eq. 9 from Eqs. 4 and 8.
······Eq. 9 C COOh at time t is represented as Eq. 10, when Eq. 9 was integrated under C COOh = 0 at t = 0 as an initial condition.
······Eq. 10
Here k 0 k 1 C R was replaced by k as follows:
Rate constant k is obtained from the second derivation of C COOh with respect to t (Eq. 13).
······Eq. 13

Materials and Methods
Materials Glyceryl trilinoleate was obtained from SigmaAldrich (St. Louis, Missouri, USA), with a purity of 98% (TLC) according to the supplier's information. Conjugated methyl linoleate was obtained from Sigma-Aldrich (St. Louis, Missouri, USA), and was a mixture of cis-and trans-isomers of 9,11-and 10,12-octadecadienoic acid methyl esters, with a purity of 99% (GC) according to the supplier's information. n-Hexane (GR grade) was obtained from Nacalai Tesque (Kyoto, Japan). At an appropriate interval, the test tube was removed and the test lipid was diluted with n-hexane to an appropriate concentration, and then poured into a quartz cell (1 cm in light path length).
A b s o r b a n c e a t 2 3 4 n m w a s m e a s u r e d u s i n g a U V spectrophotometer, with n-hexane as a reference solution.
Results and Discussion
Specific gravity of glyceryl trilinoleate The specific gravity of glyceryl trilinoleate is shown in Fig. 2 . The concentrations of conjugated diene structures in the test lipid before and after measurement were 0.088 mol/L and 0.11 mol/L, respectively.
Specific gravity was used to convert the weight of glyceryl trilinoleate to a volume in the subsection 'Measurement of the lipid oxidation process'.
Molar absorption coefficient of conjugated methyl linoleate
A molar absorption coefficient of 2.5 x 10 4 L/(mol cm) was obtained for conjugated methyl linoleate by spectrophotometric measurement at 234 nm (Fig. 3) . This value was used to evaluate the concentration of conjugated diene structures in glyceryl trilinoleate. In a previous study, 2.8 x 10 4 L/(mol cm) was used as the absorption coefficient of conjugated diene structures at 230 _ 236 nm (Yamamoto et al., 1982) . Fig. 4 represented calculated values of C COOh using the rate constants k and Eq. 12, assuming that the majority of conjugated diene structures was held by fatty acid hydroperoxide at the initial period of lipid oxidation.
Measurement of the lipid oxidation process
The rate constant k was obtained from the experimental results as follows. At first, the concentrations of conjugated diene structures C were plotted against time t on a linear scale graph, and an approximate curve was drawn for the data points. First derivations of C with respect to t were obtained by the graphical differential on the curve at various t. The first derivations were also plotted against t, and then an approximate straight line was drawn through the plotted points. Graphs in Fig. 5 show the plotted points and the approximate straight line for each temperature. Second derivations of C COOh with respect to t were obtained from the slope of the approximate lines in Fig. 5 , and then k was calculated from Eq. 13 and C Ch , assuming that C Ch was nearly equal to the initial concentration of linoleate residue in glyceryl trilinoleate. C COOH at t = 0 was assumed to be 0 in the theoretical section, but experimental results showed that some absorbance occurred at t = 0. Therefore, the initial value of the approximate curve was used to obtain the initial concentration of C COOh on the calculated curve shown in Fig.   4 . This absorbance might originate from the initial fatty acid hydroperoxide or glyceryl trilinoleate itself.
Part of the test lipid became insoluble in n-hexane after the period shown in Fig. 4 for 30, 40 and 50℃, and absorbance at 234 nm was decreased (data not shown). Measurement of lipid oxidation at 5℃ was finished after about one week, and absorbance did not decrease within that period.
Arrhenius plot for the rate constant k The temperature dependency of k was analyzed using an Arrhenius plot (Fig. 6 ). All data points were in the neighborhood of an estimated straight line, and the Arrhenius activation energy was 155 kJ/mol, which was calculated from the slope of the line.
The Arrhenius activation energy obtained in this investigation may be used to estimate a rate constant of the oxidation of glyceryl trilinoleate at a temperature that was not investigated in this study, and a time course of lipid oxidation at the temperature may be estimated by this rate constant. Kinetic analysis of the termination reactions between fatty acid radicals and fatty acid peroxides, and within fatty acid radicals or within fatty acid peroxides, has been discussed by many researchers. Because the concentration of lipid peroxide was relatively large in the wide range of oxygen partial pressure, the reaction within lipid peroxides has been the main focus of attention (Yin et al., 2011 , Maillard et al., 1983 . Yamamoto et al. investigated the effects of oxygen concentration on the oxidation rate and ratio of the three types of termination reaction (Yamamoto et al., 1982) .
Discussion of the various oxidation rate constants
According to the model used in this study, k is represented by the multiple of k 0 , k 1 , and C R . Increment of the concentration of fatty acid hydroperoxide, because of the progress of lipid oxidation, enhances the effect of k 1 . Other radical species would be produced during lipid oxidation, such as fatty acid hydroxy-and alkoxyradicals. In the model shown in this study, the effect of these radicals was included in k 1 . Therefore, k is an apparent rate constant that includes the effect of these reaction processes and the concentration of radical intrinsic in the lipid. In our study, the estimated curve calculated using k represented the experimental result well.
Conclusion
Glyceryl trilinoleate was stored at 5, 30, 40 and 50℃ in air, and the concentration of conjugated diene structures generated during oxidation was measured using UV spectrophotometry.
Transient changes in the concentration of conjugated diene structures were represented by the calculated curves using the estimated rate constants, which were defined by the kinetic equations for the chemical reaction model of the oxidation process.
The dependence of k on temperature was represented as a straight line in the Arrhenius plot, and the Arrhenius activation energy was 155 kJ/mol. 
